We achieved 1.5-µm CW SQW GaInNAsSb lasers with GaNAs barriers grown by MBE on GaAs substrates with typical room temperature threshold densities below 600A/cm 2 , external quantum efficiencies above 50%, and output powers exceeding 200mW from both facets for 20x1222µm devices tested epitaxial-side up. In pulsed mode, 450A/cm 2 , 50%, and 1100mW were realized. Longer devices yielded over 425mW of total CW power and thresholds below 450A/cm 2 . These results are comparable to high quality GaInNAs/GaAs lasers at 1.3µm. Z-parameter measurements revealed that these improvements in the performance metrics of approximately 40-60% over previous results are primarily due to reduced monomolecular recombination.
INTRODUCTION
Low threshold, high power, continuous wave (CW) lasers near 1.5µm are required for pumping doped-fiber and Raman amplifiers. GaInNAs(Sb) edge-emitting lasers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , vertical-cavity surface-emitting lasers (VCSEL) [11] [12] [13] [14] [15] , and distributed feedback (DFB) lasers [16] [17] , grown monolithically on GaAs, have been demonstrated throughout the 1.2-1.6µm telecommunication bandwidth. They have several advantages over InP based devices: a larger conduction band offset which reduces temperature sensitivity and enhances differential gain, higher index contrast which decreases the necessary number of mirror pairs in distributed Bragg reflectors (DBRs) for VCSELs, native oxide apertures for current confinement, and lower cost wafers. The main issue has been the rapid degradation of material quality and device performance as the nitrogen concentration is increased to extend the lasing wavelength beyond 1.3µm. See High quality growth of GaInNAs(Sb) beyond 1.3µm has been challenging due to the large number of defects created by growing these highly metastable alloys at low temperatures. However, we have significantly reduced monomolecular recombination [18] , the previous cause of high thresholds, by reducing ion-related damage during active layer growth [19] [20] [21] and minimizing defects by optimizing the rapid thermal annealing (RTA) process [21] . The reduced nonradiative recombination has also increased the differential quantum efficiency and output power.
This paper consists of eight sections. Throughout the paper, we will present results about devices labeled 2 nd generation in Fig. 1 and compare the results to the previously reported results for 1 st generation devices [8, 22, 23] . The main difference in the generations is the post-growth processing. Growth, fabrication, and testing details are discussed in Sec. 2. In Sec. 3, the room temperature (RT) device performance, i.e. L-I-V curves and spectra, is presented. We apply the method of Tansu and coworkers [24] , which measures laser performance as a function of temperature and cavity length in Sec. 4. The method determines the characteristic temperature of intrinsic laser parameters described in Table   I , such as g 0 , J tr , η i , and α i and was previously applied to 1 st generation devices [23] . In Sec. 5, we discuss Z-parameter measurements, which track the dominant sources of recombination. In Sec. 6, we analyze the relative intensity noise (RIN) spectra and present additional intrinsic laser parameters, such as the differential and nonlinear gain coefficients. Initial reliability measurements are presented in Sec. 7. Sec. 8 summarizes the results.
GROWTH, FABRICATION, AND TESTING
Broad-area edge-emitting separate confinement heterostructure ridge-waveguide lasers were grown by solid-source MBE on (100) n-type GaAs. The growth and fabrication are described more fully in [8, 21] . Nitrogen was supplied with an rf plasma cell; deflection plates at the exit aperture, biased at -40V and ground, were used to minimize the ion flux upon the wafer [25, 9] . The 75Å Ga 0.62 In 0.38 N 0.023 As 0.95 Sb 0.027 single quantum well (SQW) was surrounded on both sides by 220Å GaN 0.025 As 0.975 barriers that were embedded in a GaAs/Al 0.33 Ga 0.67 As waveguide. The lasers were ex-situ annealed at 740 o C for one minute in a rapid thermal annealing (RTA) furnace, with arsenic out diffusion minimized by a proximity cap. Ridges were defined with lift-off of Ti/Pt/Au Ohmic contacts, followed by a self-aligned dry etch to the top of the GaAs-waveguide. Samples were then thinned to ~120µm and Au/Ge/Ni/Au was evaporated onto the substrate side. A contact sinter was performed at 410 o C for one minute. Devices of varying length were manually cleaved and soldered epi-side up on a temperature controlled copper heat sink. Unless otherwise specified, contact to the top p-metal was made at three locations along the device length with 24µm diameter Tungsten probe tips while contact to the n-metal was through the copper heat sink. At room temperature, lasing occurred at 1.46-1.48µm and 450-700A/cm 2 , depending on device size and location on the wafer.
Testing was done under both CW and pulsed (1µs width, 1% duty cycle) conditions. The temperature dependent cavity length study was conducted in pulsed mode to avoid heating. However, the RIN and Z-parameter measurements were taken in CW mode to improve the measurement signal-to-noise and the accuracy of the applied current at the expense of about 5-10°C of device heating at threshold. We will denote the stage and active region temperatures by T s and T a , respectively. The thermal resistance, R T , of our devices has been extensively measured [8] . For 20µm wide devices, the resistance in K/W is well modeled by R T =30.3/L, where L is the device length in millimeters. Fig. 2 shows a typical CW L-I-V curve at RT (T s =20 o C) for a 20x1222µm device. At threshold, the current density was 580A/cm 2 and the voltage was 1.4V. The external quantum efficiency was 53% and the maximum power was 200mW from both facets. Peak CW output power was limited due to heating caused by the 1.6Ω series resistance and high thermal resistance, 24K/W, from mounting epi-side up. The series resistance, R s , was about 0.4Ω lower than in comparable 1 st generation devices, while the thermal resistance was about the same. Fig. 3 is the optical spectra at three operation points marked in Fig. 2 . The device lased at 1.465µm at threshold and at 1.50µm at maximum output power due to the 0.34meV/K bandgap reduction (0.58nm/K redshift) with temperature. The peak in the optical spectra at 6x threshold is only 40% greater than at 1.05x threshold despite the total output power being more than forty times larger. The peak intensity quickly saturates because of the large nonlinear gain compression coefficient ε, discussed in Sec. 6. , the external quantum efficiency was 52%, and the maximum power was 1142mW from both facets. Peak pulsed output power was limited due to the 3A limit of the current driver. To increase the maximum CW output power, P max , improving the thermal and series resistance were investigated. There exists an optimal device length since the thermal conductance increases while the external efficiency decreases with length. Modeling the length dependence of the device parameters determined in Sec. 4 indicated that this optimal length is around 1900-2600µm for epi-up mounting. Devices with a size of 20x2150µm were processed. The contact resistance between the Tungsten probe tips and the Ti/Pt/Au p-metal as well as the longitudinal current spreading resistance of the ridge significantly affect the total series resistance. As illustrated in Fig. 5 , increasing the number of probe contact points along the device length from 1 to 4 cut the device series resistance in half and more than doubled the output power. Fig. 6 shows a CW L-I-V curve (T s =15 o C) for the 20x2150µm laser as the number of probe contact points is increased. The threshold density improved from 510 to 480A/cm 2 and the external quantum efficiency from 45 to 49% with increasing number of probes due to the slight reduction in device heating near threshold and more uniform current injection. However, the most striking effect was the increase in power from 160 to 369mW as a result of the reduced series resistance. Fig. 7 is the optical spectra at three operation points along the 4 probe contact L-I-V curve. The lasing wavelength and its thermal broadening and redshift are similar to Fig. 3 . 
ROOM TEMPERATURE CHARACTERIZATION

Fig. 8 shows a CW L-I-V curve (T s =15
o C) of a nearby 20x2150µm laser with 5 probe contacts. The device was slightly better than the previous one, but was damaged a little (see kink in I-V curve) before a probe contact study could be performed. The device had a 440A/cm 2 threshold density at 1.32V and an external efficiency of 51%. A maximum of 431mW of power was obtained because R s was reduced to 1.0Ω with the addition of the fifth probe. Output powers exceeding 500mW seem achievable if the number of contacts can be increased indefinitely, e.g. by using bond wire. 
TEMPERATURE DEPENDENT CAVITY LENGTH STUDY
The derivation of the following laser equations is discussed more fully in [24, 23] .
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where Γ=1.4% is the optical confinement factor, α m =1/L ln(1/R) is the mirror loss, L is the cavity length, R=30% is the mirror reflectivity, g is the laser gain, J is the applied current density and the other parameters were defined in Table I . The temperature dependence of each parameter, x, in Table I is modeled by a local Arrhenius relation:
where T is the temperature, T ref is a reference temperature, and T x and x 0 are the parameter's characteristic temperature and value at the reference temperature, respectively.
Low duty cycle pulsed L-I-V curves at T s =15-75
o C in 5 o C steps were collected for 20µm wide devices with three cavity lengths: 1050, 1222, and 2150µm. Fig. 9 shows a set of L-I curves for a 2150µm device. For each temperature and cavity length, J th and η e were calculated from the L-I curve in the range of 4-12mW. To reduce the effect of variance in these measured parameters on the derived values for g 0 , J tr , J th ∞ , η i , and α i , the measured parameters were first fitted to local Arrhenius relations. The fitted values were then used in the cavity length calculations, i.e. fitting Equations (2) and (3), at each temperature. Fig. 10 shows such a fit for the device depicted in Fig. 9 . Both parameters are well modeled by their Arrhenius fit over the entire 60K temperature range. Table II . The rapid decrease in g 0 is partly due to thermal broadening of the gain spectrum and increased occupation of higher quantized levels [26] and contributes to the rapid rise in J th ∞
. Carrier leakage and/or Auger recombination can also affect g 0 . The increase in α i is indicative of intervalence band absorption (IVBA) while the decrease in η i is likely due to leakage/Auger recombination. Measurement over a narrow 60K temperature range is insufficient to precisely determine the characteristic temperatures of weakly varying parameters, e.g. J tr ; the error bars increase rapidly with the value. Nevertheless, using the data in Table II , the cavity length dependence of the characteristic temperatures for J th and η e (T 0 and T 1 , respectively) can be accurately predicted according to [24] : 
The terms on the right hand side of Equations (5) and (6) 
Z-PARAMETER
The applied current I versus carrier density n relationship can be modeled locally by 
where c Process and Z Process are constants [27] . In the non-degenerate limit, Z Process =1, 2, or 3 for monomolecular, radiative, and Auger recombination, respectively. The local Z-parameter is defined as the instantaneous logarithmic derivative of I with respect to the integrated spontaneous emission rate TSE and equals the average effective Z-parameter of the constituent recombination processes [22] ,
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In the degenerate limit, Z Process depends on n and its effective value at a given n is denoted by Effective Process Z .
Fig. 14 is a simulation of the behavior of
Effective Process Z (using its logarithmic derivative definition) versus carrier density for various mechanisms that might be significant in our devices: monomolecular recombination from midlevel traps in the QW, carrier leakage from electron traps in the GaNAs barriers caused by (N-N) As or (As-N) As interstitial defects, radiative recombination, and Auger CHCC or CHHS recombination.
Effective Process Z increases for carrier leakage processes because of degeneracy and the superlinear increase in the barrier population. It increases for Auger recombination because of the rapid increase in the population of carriers that can conserve energy and momentum. Since Effective Process Z ≥ 2 for every process except monomolecular recombination from midlevel QW traps and (N-N) As traps near the conduction band edge, a measurement of Z<1.5 indicates that at least 50% of the current must be due to these traps.
The Z-parameter was measured for 1 st generation devices [22] and 2 nd generation devices [18] . The vertically emitted, unamplified, true spontaneous emission (TSE) exited the laser device through a 5µm square hole etched in the p-metal. It was then focused onto a fiber and integrated electrically with a relatively flat response InGaAs PIN detector. The experimental setup is described in more detail elsewhere [22] . 
RELATIVE INTENSITY NOISE
The relative intensity noise (RIN) spectra at several currents of a 10x1222µm device were measured at RT. The measurement technique is discussed in [28] and the characterized parameters and listed in Table III . Fig. 16 shows a RIN spectrum on a linear scale and its theoretical fit. The fit [29] determines f r and γ at each current. Fig. 17 displays the RIN spectra at various currents on a log scale. Gain versus carrier density is modeled by a linear relationship with nonlinear gain compression that reduces the gain as the cavity photon density, N, is increased:
The RT values for dg/dn of 9. ( 1 3 ) where hν is the photon energy, V a is the active volume, and v g is the group velocity. , and τ e th =3±2 ns. The intrinsic material parameters, dg/dn and ε are quite similar in the two generations of devices. Inaccuracy in determining γ 0 , and therefore τ e th , was too large in the 1 st generation of devices to be able to compare the threshold differential carrier lifetimes of the two device generations.
The GaInNAsSb/GaAs value for dg/dn at 1.5µm is comparable to the value of 1.06x10 -15 cm 2 in GaInNAsSb/GaAs lasers at 1.26µm [31] and is significantly higher than the 5-7x10 -16 cm 2 and 2-8x10 -16 cm 2 for multiple quantum well (MQW) InGaAsP/InP lasers at 1.3µm [30] and 1.55µm [29] . At RT, n tr =2.1x10 18 cm -3 was measured and also calculated from the device band structure [22] . Equating gain to total loss at threshold, we calculate n th ≈ 2.8-3.6x10 18 cm -3 for both generations of devices, depending on the exact device length. The value for ε of 1.4x10 -16 cm 3 is about 2x larger than for MQW In 0.35 Ga 0.65 As lasers at 1080nm [32] and is probably due to strong inhomogeneous broadening, i.e. spectral hole burning within the energy bands. This greatly restricts additional stimulated emission at a given wavelength and explains the quick saturation of peak intensity observed in Figs. 3 and 7 . 
RELIABILITY
A reliability study at high power operation is currently in progress. An unpackaged 20x2150µm device has operated at a constant CW output power of 200mW for over 90 hours with less than a 6% increase in operation current, I op . See Fig. 20 . The small jumps in operation correspond to changes in the ambient lab environment during the workday. The stage is cooled to T s =0°C so that the active region temperature is close to RT during operation and the sample is probed at five locations. The reliability of 2 nd generation devices is greatly enhanced compared to 1 st generation devices, where I op increased by 70% after only 50 hours of operation at 10mW and T s =15°C (T a ≈ 30°C). It was argued [22] that high levels of monomolecular recombination might enhance defect propagation by providing thermal energy during life testing. Also, through Z-parameter measurements, it was concluded that the primary source of device degradation of 1 st generation devices was an increase in recombination through defects, especially the (N-N) As split interstitial. Thus, the vast improvement in reliability is also attributed to reduced monomolecular recombination.
CONCLUSION
Room temperature, CW, threshold densities below 500A/cm 2 and maximum output powers above 425mW at 1.5µm have been demonstrated from SQW GaInNAsSb lasers mounted epitaxial-side up. The improvements over our previous reports are primarily due to a reduction in the monomolecular recombination current and in the contact and series resistances. The large differential gain of GaInNAsSb at 1.5µm will be valuable for achieving high-speed operation. However, the temperature sensitivity of the internal efficiency was found to strongly influence the temperature stability of the threshold current and external efficiency. Further, the large nonlinear gain compression leads to saturation of peak laser emission intensity. Despite these drawbacks, GaInNAs(Sb) opto-electronic devices grown on GaAs may soon become widely commercialized throughout the 1.2-1.6µm telecommunication wavelength window due to their advantages over InP-based devices.
